The C57BL/6ByJ (B6) strain of mice exhibits higher preferences than does the 129P3/J (129) strain for a variety of sweet tasting compounds. We measured gustatory afferent responses of the whole chorda tympani nerve in these two strains using a broad array of sweeteners and other taste stimuli. Neural responses were greater in B6 than in 129 mice to the sugars sucrose and maltose, the polyol D-sorbitol and the non-caloric sweeteners Na saccharin, acesulfame-K, SC-45647 and sucralose. Lower neural response thresholds were also observed in the B6 strain for most of these stimuli. The strains did not differ in their neural responses to amino acids that are thought to taste sweet to mice, with the exception of L-proline, which evoked larger responses in the B6 strain. Aspartame and thaumatin, which taste sweet to humans but are not strongly preferred by B6 or 129 mice, did not evoke neural responses that exceeded threshold in either strain. The strains generally did not differ in their neural responses to NaCl, quinine and HCl. Thus, variation between the B6 and 129 strains in the peripheral gustatory system may contribute to differences in their consumption of many sweeteners.
Introduction
The consumption of sugars and other substances that humans describe as sweet has been shown to have a genetic basis in humans and mice (Hoshishima et al., 1962; Fuller, 1974; Lush, 1989; Capeless and Whitney, 1995; Reed et al., 1997) . Some mouse strains vary considerably in their sugar preference, with the C57BL/6 and 129 strains exhibiting one of the largest differences (Lush, 1989; Capeless and Whitney, 1995) . The former have a higher preference for low concentrations of sucrose and, while both strains have a near 100% preference for sucrose concentrations above 4%, B6 mice consume a larger volume in 48 h tests (Bachmanov et al., 2001b) .
Although sucrose intake is regulated by a number of mechanisms, such as release of endorphins (MarksKaufman et al., 1989; Yamamoto et al., 2000) and post-ingestive stimulation (Mook, 1963) , differences in sensory factors ('sweetness') may play an important role in these behavioral differences. Mice from C57BL/6 strains have higher preferences for artificial sweeteners, such as saccharin, which do not provide calories (Lush, 1989; Capeless and Whitney, 1995; Bachmanov et al., 2001b) . They also have greater whole nerve chorda tympani responses to sucrose than do 129/J mice, indicating that there is a difference in gustatory processing of this stimulus that originates peripherally .
In order to characterize more fully the electrophysiological differences between C57BL/6ByJ (B6) and 129P3/J (129) mice we measured their whole nerve chorda tympani responses to a broad array of chemicals that humans describe as sweet and that appear to generate the quality of sweetness in mice, as indicated by intake tests, generalizations of conditioned taste aversions and electrophysiology (Iwasaki et al., 1985; Kasahara et al., 1987; Ninomiya et al., 1992; Bachmanov et al., 2001b) . The chorda tympani nerve was chosen because it responds robustly to sweet stimuli, as well as to other tastants, in different strains of mice (Ninomiya et al., 1982 (Ninomiya et al., , 1984a Sako et al., 1996; Frank and Blizard, 1999) . Taste stimuli included artificial sweeteners, amino acids, the sugars sucrose and maltose and the polyol D-sorbitol. Aspartame and thaumatin, which taste sweet to humans but are not palatable to rodents (Brouwer et al., 1973; Nowlis et al., 1980; Sclafani and Abrams, 1986; De Francisco and Dess, 1998) , were also included. We also presented the carbohydrates Polycose and maltooligosaccharide, which are preferred by mice and other rodents (Feigin and Sclafani, 1987; Rehnberg et al., 1996; Bachmanov et al., 2001a) , but appear to have a taste quality that is distinct from sugars (Nissenbaum and Sclafani, 1987; Sclafani, 1991; Sako et al., 1994; Formaker et al., 1998) . The results of behavioral comparisons between the two strains are presented in a separate paper (Bachmanov et al., 2001b) .
Materials and methods
Two experiments were conducted. They used separate groups of subjects and different stimulus arrays (see below), but did not vary in other methodological details.
Subjects
Subjects were adult male mice of the C57BL/6ByJ (B6) and 129P3/J (129) strains. They were obtained from The Jackson Laboratory (Bar Harbor, ME) and weighed 20-38 g at the time of recording. Ten mice were used in experiment 1 (five from each strain) and 11 in experiment 2 (B6, n = 5; 129, n = 6). They were kept in a temperature controlled room at 23°C on a 12:12 h light:dark cycle with lights on at 7:00 a.m. They had ad libitum access to deionized H 2 O and standard laboratory chow.
Electrophysiology
Subjects were anesthetized with sodium pentobarbital (40-50 mg/kg, with further doses as necessary). A tracheotomy was conducted, after which the animal was placed supine in a non-traumatic headholder. The right chorda tympani nerve was exposed between its exit from the lingual nerve and entry to the bulla. The chorda tympani was cut near the bulla and placed on a platinum wire electrode and a few drops of mineral oil were placed in the wound site to prevent dessication of the nerve. An indifferent electrode was positioned in nearby muscle tissue. The whole nerve response was amplified, integrated with a time constant of 1.0 s and displayed on chart recorder paper.
Stimuli and delivery
In experiment 1 taste stimuli consisted of 100 mM NaCl, 20 mM quinine HCl, 10 mM HCl, 100 mM D-phenylalanine, sucrose at 10, 30, 100, 300 and 1000 mM and Na saccharin at 0.2, 0.6, 2, 6, and 20 mM. The results of the Na saccharin data have been published previously (Li et al., 2001) .
Stimuli for experiment 2 are shown in Table 1 . Polycose was obtained from Ross Laboratories (Columbus, OH). Some mice received multiple applications of particular chemicals, in which case the responses were averaged to obtain a single value for the subject. However, the large size of the array also necessitated that some subjects did not receive all of the stimuli (see Table 1 ).
Chemicals were mixed in distilled water and presented at room temperature and in volumes of 1 ml, which were applied to the tongue by gravity flow for 30 s. Concentration series of a given compound were applied in ascending order. Stimulus presentations were followed by a deionized water rinse of 2 ml or more and an interval of at least 1 min was allowed between stimuli.
We used two approaches to normalize the magnitude of neural responses. First, ammonium chloride (NH 4 Cl) at 100 mM was presented frequently throughout recording to serve as a reference stimulus. For compounds that were presented at multiple concentrations, NH 4 Cl was given a Thresholds were defined as the lowest concentration of a compound for which a response could be distinguished from baseline in at least half the subjects. A dash indicates that the highest concentration tested did not reach threshold and a blank indicates that a threshold could not be determined due to an insufficient number of concentrations or subjects.
before and after each concentration series; the remaining four stimuli (NaCl, quinine, HCl and, depending on the experiment, D-phenylalanine or 500 mM sucrose) were presented at the start of the recording session and were preceded and followed by NH 4 Cl applications. Individual responses were expressed as a percentage of the average of the two nearest NH 4 Cl responses. This normalization procedure was necessary because the absolute magnitude of multifiber responses can vary over a recording session due to factors such as the dryness of the nerve. We chose 100 mM NH 4 Cl as our reference stimulus because it evokes robust responses in the chorda tympani of both B6 and 129 mice and the two strains did not differ on their preferences for this solution in 48 h two-bottle tests with water (Bachmanov, unpublished observations) . We also examined whether responding to NH 4 Cl differed between strains. For each mouse responses to NH 4 Cl were expressed relative to the average of the absolute magnitude of the responses to NaCl, quinine, HCl and sucrose. The resulting normalized NH 4 Cl values did not differ between B6 and 129 mice for either experiment.
We also examined the data from experiment 2 using an alternative normalization procedure, similar to one used by Frank and Blizard (Frank and Blizard, 1999) , in which the absolute magnitudes of the responses to NH 4 Cl, NaCl, quinine, HCl and sucrose were averaged to obtain a single reference number for each mouse. Responses to individual stimuli were then expressed as percentages of this reference number. Because of the large size of the entire stimulus array, we could not present a group of five reference stimuli continuously throughout recording and thus this method suffers from not being able to address fluctuations in the nerve's responsiveness over time. However, it has the advantages of not depending on a single reference stimulus and of including stimuli that evoke robust responses in all of the fiber types found in the mouse chorda tympani.
Analysis
Responses to all stimuli, including NH 4 Cl, were calculated based on the magnitude of the integrated whole nerve response at 20 s after stimulus onset. We also examined the data using peak responses and obtained similar results. However, only 20 s data are reported here, because they are less variable and less prone to onset artifacts than peak response values.
For each compound that was presented at multiple concentrations a two-way ANOVA was performed with strain as a between-group factor and concentration as a withingroup factor. Post hoc comparisons (t-tests) were conducted when appropriate to examine differences on individual concentrations. For the stimuli that were presented at only a single concentration differences between strains were assessed using t-tests. For all tests P < 0.05 was considered significant. In order to simplify the reporting of a large number of significant findings in some cases we list only the minimum F or t and maximum P values across a number of comparisons (e.g. P < 0.05 in all cases).
The threshold response for a compound was defined as the lowest concentration for which a clear deviation from baseline activity could be observed on the chart paper in at least half the subjects tested.
Results

Experiment 1
Chorda tympani responses to HCl were significantly smaller in B6 than in 129 mice [t(8) = 2.5, P = 0.04]. No differences in evoked activity were observed for NaCl, quinine and the sweet amino acid D-phenylalanine (Figure 1 ). For sucrose and saccharin (Figure 2 ), responses in B6 mice were larger overall [effect of strain, F(1,8) ≥ 7.1, P < 0.05 in both cases] and there was also a significant strain × concentration interaction [F(4,32) ≥ 3.1, P < 0.05 in both cases]. Post hoc comparisons revealed that responses in the B6 strain were significantly greater to all concentrations of sucrose except 300 mM and to 6 and 20 mM Na saccharin [ Figure 2 ; t(8) ≥ 2.3, P < 0.05 in all cases].
The B6 group had a lower response threshold to sucrose (10 mM) than did the 129 group (100 mM). For both strains the lowest concentration of Na saccharin tested (0.2 mM) was above threshold.
Experiment 2
Representatives of the basic tastes
Among the chemicals representative of the four basic taste qualities (Figure 3 ), sucrose evoked a significantly greater response in B6 than in 129 mice [t(9) = 3.1, P = 0.01]. Responses to NaCl, quinine and HCl did not differ between the strains, although there was a tendency (P = 0.07) for responses to HCl to be larger in B6 mice. There were small but consistent within-strain differences in mean responding to NaCl, quinine and HCl compared with experiment 1 (larger responses in B6 mice and smaller ones in 129 mice relative to the previous data). However, in no cases were these differences between experiments significant.
Non-amino acid sweeteners
Most of these stimuli evoked greater responses in the B6 than in the 129 strain (Figure 4 ). There were significant effects of strain [F(1,7-8) ≥ 11.1, P < 0.05 in all cases] and strain × concentration interactions [F(2-3,14-21) ≥ 5.1, P < 0.05 in all cases] for maltose, D-sorbitol, acesulfame-K, SC-45647 and sucralose. Post hoc comparisons indicated that these differences first appeared at 500 mM for maltose, 600 mM for D-sorbitol, 10 mM for acesulfame-K, 1 mM for SC-45647 and 1 g/l for sucralose [t(7-8) ≥ 2.5, P < 0.05 in all cases]. Response thresholds for these five stimuli were also lower in B6 mice (Table 1) , with D-sorbitol and acesulfame-K being the only sweeteners to evoke a suprathreshold response in 129 mice at the concentrations tested. Aspartame and thaumatin did not evoke responses that Figure 2 Mean (± SEM) whole nerve chorda tympani responses to sucrose (top) and Na saccharin (bottom) in B6 (closed circles) and 129 (open circles) mice in experiment 1, expressed as a percentage of the response to 100 mM NH4Cl. The data for Na saccharin have been published previously (Li et al., 2001 ). *P < 0.05, B6 versus 129. exceeded threshold in either strain at any concentration (Table 1, Figure 4 ). Figure 5 shows representative sample recordings of responses to NH 4 Cl and three stimuli that evoked larger responses in B6 mice.
Amino acid sweeteners
Responses to most sweet amino acids did not differ between the strains (Figure 6) , with the exception of L-proline, which evoked significantly greater responses in B6 mice [effect of strain, F(1,8) = 10.3, P = 0.01; strain × concentration interaction, F(2,16) = 5.1, P = 0.02]. Post hoc comparisons revealed significant differences for 100 and 1000 mM L-proline [t(8) 2.4, P < 0.05 in both cases; Figure 6 ]. The B6 group also had a lower response threshold for L-proline (100 mM) than did the 129 group (1000 mM). Thresholds for other amino acids did not differ between groups (Table 1) .
Glucose polymers
Application of Polycose evoked greater activity in the B6 strain, both overall [effect of strain, F(1,7) = 10.1, P = 0.01) and at 10% (t(7) = 4.6, P = 0.002; Figure 7 ]. The threshold response for Polycose was 10% in both groups (Table 1) .
Although the results for maltooligosaccharide should be viewed cautiously due to the small sample size, the mean responses closely matched those for Polycose within each group of mice (Figure 7 ). There was a significant effect of strain [F(1,2) = 27.3, P = 0.03], with B6 mice showing greater overall responsiveness to maltooligosaccharide, and post hoc comparisons also revealed greater B6 response to the 10% concentration [t(2) = 5.5, P = 0.03].
Alternative normalization procedure
The alternative procedure, in which responses were normalized against the average response to five stimuli (see Materials and methods), yielded results that were similar to those obtained when NH 4 Cl was used as the sole reference stimulus. When the alternative procedure was used two additional stimuli evoked significantly greater responses in B6 than in 129 mice (1000 mM glycine and 30% Polycose) and two stimuli which had previously evoked greater responses in the B6 strain no longer did (100 mM L-proline and 10% maltooligosaccharide). In all other cases the two normalization procedures yielded similar results and there were no instances using either method where responses were significantly larger in 129 mice (data not shown). 
Discussion
Chorda tympani responses to a variety of sweeteners were larger in B6 than in 129 mice. This result was observed for substances that included sugars (sucrose and maltose), noncaloric sweeteners (acesulfame-K, Na saccharin, SC-45647 and sucralose), the polyol D-sorbitol and the amino acid L-proline. This effect was also seen for the glucose polymers Polycose and maltooligosaccharide at 10%. Moreover, B6 mice had lower neural response thresholds for all of these stimuli except Na saccharin, where the stimulus range was above threshold for both groups, and the glucose polymers.
In general, the groups did not differ in response to NaCl, quinine and HCl. Although responses to these stimuli were smaller in B6 than in 129 mice in experiment 1, the difference only reached significance for HCl. In experiment 2 there was a trend (P < 0.1) for B6 responses to HCl to be larger than those in 129 mice. The relatively small size of these differences compared with those for sweeteners and the lack of consistency between experiments 1 and 2 suggests that the variation in response to these stimuli was most likely due to chance and the significant effect for HCl in experiment 1 was a false positive (Type I error). This is in contrast to the results for sugars and many artificial sweeteners, where significance was reached using the same number of subjects and differences were observed in both experiments 1 and 2 and in previously published work .
The gustatory-evoked chorda tympani responses that we measured are only one of the factors that determine an animal's intake. There are other taste-sensitive peripheral nerves and the results of a 48 h drinking test may also be influenced by a number of other variables, including postingestive effects. Thus, it is not surprising that the amount of activity that we observed in the chorda tympani of B6 and 129 mice does not always offer a direct correspondence with their drinking of the same solutions (see Bachmanov et al., 2001b) . For example, behavioral preference thresholds were generally lower than neural thresholds in both strains of mice. Also, the magnitude of the strain differences in chorda tympani responding to some compounds (e.g. Na saccharin) was smaller than the magnitude of the corresponding behavioral differences. In part, this probably reflects the fact that other gustatory nerves besides the chorda tympani influence a mouse's ingestive behavior. In addition, our neural data was based on the response of the whole chorda tympani, whereas behavioral data may be influenced by responding in only a subset of fibers.
Nevertheless, there were several compounds for which neural sensitivities were higher in B6 than in 129 mice and this most likely contributed to the higher behavioral sensitivities for those compounds. This was clearest for the non-amino acid sweeteners. B6 mice had lower thresholds for neural responding to sucrose, maltose, D-sorbitol, acesulfame-K, SC-45647 and sucralose and their preference thresholds were also lower for these compounds in behavioral testing. All of these stimuli, along with Na saccharin, evoked larger chorda tympani responses in the B6 strain and also (with the exception of D-sorbitol) were consumed more avidly by B6 mice.
Our recordings were made from only afferent chorda tympani fibers. Therefore, the strain differences in these recordings must be due to some peripheral event, either occurring in the chorda tympani itself or in the taste receptor cells that provide its input. Prior research with F 2 hybrids of B6 and 129 mice indicates that >50% of the variance in sucrose intake between these two strains can be accounted for by two loci on distal chromosome 4, which most likely correspond to dpa and Sac. The former locus also influences the neural response threshold to sucrose in the chorda tympani, whereas the latter influences suprathreshold responding . Furthermore, variation in the Sac locus is strongly related to differences in consumption of sucrose and saccharin by the C57BL/6J (B6) and DBA/2J (D2) strains , which also vary in their whole nerve chorda tympani responding to these two solutions . While the exact functions of Sac and dpa are not yet known, it is possible that they are involved in the transduction of non-amino acid sweeteners and that variations in these loci caused the strain differences in responding that were observed in the present study.
The agreement between electrophysiology and behavior was poorer for the sweet tasting amino acids. Although B6 mice have larger preferences than do 129 mice for glycine, D-phenylalanine and L-proline (Capeless and Whitney, 1995; Bachmanov et al., 2001b) , only L-proline evoked larger responses in the B6 group. It is unlikely that the discrepancy between the amino acids and the other stimuli can be explained by variations in taste quality. Although both B6 and 129 mice consume a smaller amount of sweet amino acids than of other sweeteners (Bachmanov et al., 2001b) , all of the amino acids that we included are thought to taste sweet to most mice, as evidenced by two-bottle preference tests with water, generalization of a conditioned taste aversion to sucrose and chorda tympani responding after pronase administration (Iwasaki et al., 1985; Kasahara et al., 1987; Ninomiya et al., 1992) .
Thus, for most of the sweet amino acids tested the reason for the variation in preference between B6 and 129 mice remains unknown. It is possible that there are strain differences in peripheral neural responding that were not noticed here because whole nerve recording was used. Although this method is useful in indicating the overall level of responsiveness of a nerve, it may miss more subtle differences that are confined to particular fiber types. There are also other peripheral nerves besides the chorda tympani that are sweet responsive and they may give different responses to sweet amino acids in the two strains. However, it is also possible that the underlying cause of the behavioral difference is not peripheral in origin. There is evidence that sweet tasting amino acids may be transduced by a different mechanism than other sweeteners in mice and other rodents (Ninomiya et al., 1984b; Iwasaki and Sato, 1986; Yamada and Imoto, 1987; Uchida and Sato, 1997a,b) . If so, then transduction of most sweet amino acids may not vary between B6 and 129 mice and some other mechanism, such as differences in central responding or post-ingestive absorption, may be responsible for their different preferences.
Additional work is needed to assess the discrepancy that we observed between L-proline and the other amino acids tested. Although there is evidence that different sweet amino acids may activate separate transduction mechanisms , there is no precedent for a distinction between L-proline and other amino acids.
Aspartame and thaumatin did not evoke responses that could be distinguished from baseline in either strain. These substances taste sweet to humans but generally appear to be neurally and behaviorally ineffective in rodents (Brouwer et al., 1973; Nowlis et al., 1980; Sclafani and Abrams, 1986; De Francisco and Dess, 1998; Bachmanov et al., 2001b) , although thaumatin has been shown to evoke chorda tympani responses in the Slc:ICR strain of mice (Tonosaki et al., 1997) .
Polycose is preferred by both B6 and 129 mice, with larger preferences in the B6 strain at concentrations between 0.1 and 3.0% (Bachmanov et al., 2001a) . In the present study chorda tympani responding to Polycose was greater in B6 than 129 mice, but only significantly so at 10%, a concentration at which their behavior does not differ. This inconsistency may result from Polycose ingestion being driven largely by post-ingestive factors, rather than by sweet taste. Definitive work has not been conducted to determine whether Polycose tastes sweet to mice, but the majority of research in other species of rodents indicates that Polycose possesses a taste quality distinct from sugars (Nissenbaum and Sclafani, 1987; Sclafani, 1991; Sako et al., 1994; Rehnberg et al., 1996) , although there may also be perceptual similarities between them (Formaker et al., 1998) .
Maltooligosaccharide was presented to only two subjects from each strain, which makes it difficult to draw strong conclusions. Nonetheless, mean responses to maltooligosaccharide closely matched those to Polycose in each strain, with B6 mice showing significantly greater responsiveness at 10%. Although both stimuli consist of polymers of glucose molecules, those in maltooligosaccharide are almost exclusively 3-6 glucose molecules in length, whereas Polycose contains a much broader range of chain lengths, including 9% glucose and maltose. However, the similarity in responding to the two stimuli suggests that it is primarily the molecules of 3-6 glucose chains, and not the other polymers, that drive the evoked activity and cause the greater responsiveness of the B6 strain.
It is unlikely that the results were affected by our choice of NH 4 Cl as a reference stimulus. Relative responses to NH 4 Cl did not differ between strains when normalized to the absolute responses to four other chemicals (see Materials and methods). We also obtained similar results using an alternative normalization procedure that did not depend on any one stimulus as a reference. Moreover, differences caused by the choice of a reference stimulus would tend to generalize across the entire stimulus array, whereas we only observed strain differences for responses to particular types of compounds.
In summary, B6 mice were found to have larger whole nerve chorda tympani responses and lower neural response thresholds than 129 mice to a variety of sweet tasting solutions. These differences were observed for both caloric and non-caloric sweeteners. However, the two strains did not differ in responses to sweet amino acids, with the exception of L-proline, which evoked larger responses in the B6 strain. Responses were also larger in B6 mice to the glucose polymers Polycose and maltooligosaccharide. Aspartame and thaumatin did not evoke responses that exceeded threshold in either strain. There was no consistent difference in responding between strains to representative salty, sour and bitter compounds. Our results suggest that differences in sensory properties ('sweetness') contribute to the greater preference shown by B6 mice for sweet solutions, with the possible exception of some amino acids. 
